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Raynaud’s syndrome (RS) is defined as episodic
digital pallor, cyanosis, or both accompanied by mod-
erate discomfort caused by cold exposure or emotion-
al stress. Chronic hand vibration exposure, usually
related to occupational tool use, is a well-described
cause of RS.1 The first complete description of vibra-
tion-induced RS was made by Dr Alice Hamilton in
1918; she described a large group of stonecutters from
Indiana afflicted with “spastic anemia of the hands.”2
Other terms used to describe RS caused by chronic
vibration exposure include traumatic vasospastic dis-
ease, hand-arm vibration syndrome, and vibration
white finger.3
During the past century, RS has been reported to
develop in workers from many occupations who use
vibrating tools for prolonged periods. These occupa-
tions include riveters, chippers, grinders, welders,
platers, drillers, and, most frequently, chain saw oper-
ators.4-11 We report a new cohort of workers in the
autoglass replacement industry in whom RS associat-
ed with the use of a vibrating pneumatic air knife
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Purpose: The use of vibrating tools has been shown to cause Raynaud’s syndrome (RS)
in a variety of workers, including those who use chain saws, chippers, and grinders. The
diagnosis of RS in workers who use vibrating tools is difficult to document objectively.
We studied a patient cohort with RS caused by the use of a vibrating pneumatic air knife
(PAK) for removal of automobile windshields and determined our ability to document
RS in these workers by means of digital hypothermic challenge testing (DHCT), a vas-
cular laboratory study that evaluates digital blood pressure response to cooling.
Methods: Sixteen male autoglass workers (mean age, 36 years) with RS were examined by
means of history, physical examination, arm blood pressures, digital photoplethysmog-
raphy, screening serologic studies for underlying connective tissue disorder, and DHCT.
Results: No patient had RS before they used a PAK. The mean onset of RS (color
changes, 100%; pain, 93%; parathesias, 75%) with cold exposure was 3 years (range, 1.5
to 5 years) after initial PAK use (mean estimated PAK use, 2450 hours). Fifty-six per-
cent of workers smoked cigarettes. The findings of the physical examination, arm blood
pressures, digital photoplethysmography, and serologic testing were normal in all
patients. At 10°C cooling with digital cuff and patient cooling blanket, a significant
decrease in digital blood pressure was shown by means of DHCT in 100% of test fingers
versus normothermic control fingers (mean decrease, 75%; range, 25% to 100%; normal
response, less than 17%; P < .001). The mean follow-up period was 18 months (range,
1 to 47 months). No patient continued to use the PAK, but symptoms of RS were
unchanged in 69% and worse in 31%.
Conclusion: PAK use is a possible cause of vibration-induced RS. The presence of RS in
workers who use the PAK was objectively confirmed by means of DHCT. Cessation of
PAK use in the short term did not result in symptomatic improvement.  (J Vasc Surg
1999;30:1-7.)
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(PAK) has developed. This tool, introduced to the
industry in the late 1980s, facilitates the rapid removal
of windshields from the rubber perimeter moldings.
Previous reports describing the many specialized
vascular laboratory tests used to objectively measure
vasospasm in vibration-induced RS have yielded sensi-
tivities ranging from 50% to 90%.12-16 Digital
hypothermic challenge testing (DHCT), as described
by Nielson et al,17 is one of the most reliable tests aid-
ing in the diagnosis of vibration-induced RS.18-21 At
Oregon Health Sciences University, our routine exam-
ination of patients who have RS includes physical
examination, digital photoplethysmography (PPG),
DHCT, and serologic screening for connective tissue
disorders. The results of these tests and short-term fol-
low-up in workers who use the PAK forms the basis of
this report.
METHODS
Between August 1993 and February 1998, 16
male workers who were currently or previously
employed by autoglass replacement companies in
Oregon were examined in our vascular surgery clin-
ic at Oregon Health Sciences University. All patients
were examined with history, physical examination,
arm blood pressures, PPG, DHCT, and serologic
screening for underlying connective tissue disorders.
PAK use was estimated from directed patient histo-
ry. Patients were then referred to our Raynaud’s
clinic for follow-up. The Raynaud’s clinic at Oregon
Health Sciences University is solely devoted to
patients with RS and involves serial history and phys-
ical examination, patient education, and monitoring
of medical therapy. Patient charts, including the
most recent follow-up examination in the Raynaud’s
clinic, vascular laboratory tests, and screening sero-
logic studies, were reviewed. Patients whose last fol-
low-up examination was more than 6 months earlier
were contacted by phone to assess whether their cur-
rent symptoms of RS were improved, worse, or
unchanged and whether they continued to use the
PAK. The PAK is shown in Fig 1.
Vascular laboratory tests. All patients under-
went PPG and DHCT at the time of their initial clin-
ical examination. Finger PPG was performed with a
Medasonics photoplethysmographic cell applied to the
finger pulp with double-faced cellophane tape. A two-
channel strip chart recorded waveforms at 25 mm per
second. Digital pulp temperatures were recorded, with
room warming used as necessary as a means of ensur-
ing a digital temperature of 32°C before measurement
of digital blood pressure and waveforms. Normal
waveforms were defined as an upstroke of 0.2 seconds
or less, with a dicrotic notch on the downstroke.
DHCT was performed with the Medimatic SP2
strain gauge plethysmograph with digit cooling sys-
tem. With the patient in the supine position, a dou-
ble inlet cuff for local cooling was placed on the
middle phalanx of the test finger, and a nonperfused
occlusion cuff was placed on the middle phalanx of
the reference finger of the same hand. Mercury-in-
silastic strain gauges were placed distally to the cuffs,
and suprasystolic pressures were maintained in both
cuffs for 5 minutes, while the test cuff was perfused
and the reference cuff was not. Digital blood pres-
sures were obtained after each cuff perfusate tem-
perature of 30°C, 15°C, and 10°C. At 10°C, a 15°C
cooling blanket was placed under the patient. A
drop in the cooled finger systolic pressure greater
than 17%, as compared with the systolic pressure of
the reference finger, was considered positive for sig-
nificant digital cold-induced vasospasm. Sensitivity,
specificity, and accuracy of the DHCT for patients
with RS in our vascular laboratory has been previ-
ously reported as 92%, 80%, and 90%, respectively.22
Serologic screening studies. All patients
underwent screening blood tests at the time of their
initial clinical examination. The tests included a
complete blood count, chemistry panel, rheumatoid
factor, and antinuclear antibody tests. 
Classification and controls. Patients’ symp-
toms were staged at the time of initial evaluation by
means of the Taylor-Pelmear Classification23 and the
Stockholm Workshop Scale24 (Tables I and II).
JOURNAL OF VASCULAR SURGERY
2 McLafferty et al July 1999
Fig 1. The CP-838 pneumatic air knife is manufactured by
Chicago Pneumatic and was introduced to the autoglass
industry in 1988. The tool can be fitted with flexible blades,
straight or curved, which more speedily facilitate the removal
of windshield glass from the rubber perimeter moldings. The
tool is also used for cutting fiberglass or plastic in autobody
and repair shops. The air pressure used to power the tool is
adjustable and typically ranges from 60 to 90 psi. The vibra-
tion frequency ranges from 5.6 to 1400 Hz.
Construction workers contracted by Oregon
Health Sciences University between June and
September of 1998 served as a control population.
The workers underwent history, physical examina-
tion, arm blood pressures, PPG, and DHCT. 
Statistical analysis. A comparison between the
degree of vasospasm in test fingers and reference fin-
gers for DHCT was made by means of McNemar’s
test for correlated proportions. DHCT results for
workers who used the PAK were compared with
those for control workers by means of the compari-
son of two proportions test. A P value of .05 or less
was considered significant.
RESULTS
None of the 16 male autoglass workers (mean age
at initial examination, 36 years; range, 22 to 55 years)
had a history or symptoms consistent with RS before
they used the PAK. Fifty-six percent of patients
smoked cigarettes, averaging 14 pack years. Two
patients had only one hand affected, whereas the
remaining 14 had symptoms in both hands. All attacks
of RS in all patients were triggered by cold exposure;
none were triggered by emotional stress. No patient
had a diagnosis of or had symptoms consistent with a
connective tissue disorder. Twelve patients (75%) com-
plained of finger numbness with attacks, 15 patients
(93%) complained of finger pain with attacks, and all
patients complained of color changes during an attack.
No patient had a history of ulceration on the fingers.
The Taylor-Pelmear Classification and Stockholm
Workshop Scale for grading the severity of RS in all
patients is shown in Table III. Patients are listed in
order of increasing severity of symptoms.
The mean onset of RS after PAK use was 3 years
(range, 1.5 to 5 years). Four patients (25%) were still
using the PAK at the time of the initial examination;
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Table I. The Taylor-Pelmear Classification system of symptoms and social/work interference in patients
exposed to hand vibration
Stage Condition of digits Work and social interference
0 No blanching No complaints
OT or ON Intermittent tingling, numbness, or both No interference with activities
1 Blanching or one or more fingertips, with No interference with activities
or without tingling or numbness
2 Blanching of one or more fingertips with numbness, Slight interference with home and social
usually confined to winter activities; no interference at work
3 Extensive blanching; frequent episodes, in summer Definite interference at work, at home,
and winter and with social activities; restriction of 
hobbies
4 Extensive blanching of most fingers; frequent episodes, Occupation changed to avoid further vibration
in summer and winter exposure because of severity of signs and symptoms
Table II. The Stockholm Workshop Scale for vibration-induced Reynaud’s syndrome
Stage Grade Description
0 No attacks
1 Mild Occasional attacks affecting only the tips of one or more fingers
2 Moderate Occasional attacks affecting distal and middle (rarely also proximal) phalanges of one or more fingers
3 Severe Frequent attacks affecting all phalanges of most fingers
4 Very severe Stage 3 plus trophic skin changes in the finger tips
Table III. The Taylor-Pelmear Classification and
Stockholm Workshop Scale for all patients, in order
of increasing symptoms
Patient Taylor-Pelmear stage Stockholm Workshop Scale*
C.M. 2 2L(4)
B.K. 2 2R(3)/2L(3)
M.Y. 2 2R(4)/2L(4)
B.W. 2 2R(4)/2L(4)
S.H. 2 2R(4)/2L(4)
G.T. 2 2R(4)/2L(4)
D.S. 2 2R(4)/2L(4)
S.S. 2 2R(5)/2L(5)
G.S. 3 3R(3)
R.H. 3 3R(3)/3L(3)
S.C. 3 3R(3)/3L(3)
S.P. 3 3R(4)/3L(4)
M.G. 3 3R(4)/3L(4)
G.W. 3 3R(4)/3L(4)
C.J. 4 3R(4)/3L(4)
R.M. 3 3R(5)/3L(5)
*Staging is made separately for each hand. Number before R
(right) and L (left) represents the stage, and the number in paren-
theses represents the number of digits affected in each hand.
no patient was using it at the time of the final follow-
up examination. Mean total yearly PAK use was 5.3
years (range, 3 to 8 years), and the estimated mean
total hourly use was 2450 hours (range, 1100 to
4500 hours). Eleven patients (69%) were still work-
ing in the auto windshield replacement industry at
the time of the initial examination, and nine patients
(56%) were working in the industry at the time of
the last follow-up examination.
Physical examination revealed that all patients
had equal arm blood pressures, and only one patient
had hypertension, with a blood pressure of 140/100
mm Hg. Brachial and radial pulses were normal in
both arms in all patients. No patient had evidence of
color changes, ulcer, or microemboli.
All patients had normal digital PPG waveforms in
both hands. No evidence of vasospasm was revealed
by means of DHCT with cuff perfusate at 30°C. At
15°C, seven patients (44%) had vasospasm, with a
mean digital blood pressure decrease of 65% (range,
21% to 100%). Of these seven patients, three had
complete obstruction of digital arteries in the test fin-
ger, with no detectable systolic blood pressure. These
three patients did not undergo 10°C digital cooling.
The remaining 13 patients had a significant drop in
digital blood pressure at 10°C digital cooling with a
cooling blanket (mean decrease, 75%; range, 25% to
100%), as compared with the normothermic reference
fingers (P < .001). Six (46%) of these patients had
complete obstruction of their digital arteries. No cor-
relation existed between the total amount of hourly
use of the PAK and degree of vasospasm as measured
by means of DHCT. The reviews of the screening
serologic studies in all patients were normal.
The mean follow-up period was 18 months
(range, 1 to 47 months). No patient continued to
use the PAK, but symptoms of RS were unchanged
in 69% and worse in 31%. Fifty-six percent of
patients were still replacing windshields, whereas the
remainder had changed professions. During the 10-
and 18-month follow-up periods, RS developed in
both hands of the two patients who initially had
symptoms in only one hand. All patients gave a his-
tory of wearing gloves in anticipation of mild to
moderate cold exposure during follow-up. All
patients were offered medical therapy with calcium
channel blockers, and 14 (88%) tried the therapy.
Minimal benefit was noted in all patients, and four
patients (25%), in whom follow-up was short, con-
tinued to use the channel blockers.
Nine male construction workers (mean age, 38
years; range, 25 to 65 years) who had worked in
construction for a mean duration of 16 years (range,
4 to 40 years) served as control subjects. Three con-
struction workers smoked, and all used power tools
intermittently on the job. One worker gave a histo-
ry of RS with cold exposure, and three workers gave
a history of intermittent numbness/tingling after
using power tools. All construction workers had
normal PPGs in both hands. DHCT at 15°C was
negative for vasospasm in all construction workers,
with a mean decrease in digital blood pressure of 3%
(range, 0% to 13%). At 10°C with a cooling blanket,
one worker (11%) had a mildly positive test, with a
22% decrease in digital blood pressure. The mean
decrease for the group at this temperature was 9%
(range, 4% to 22%). Significantly less vasospasm was
shown by means of DHCT in construction workers
than in workers who used the PAK (P = .05 at 15°C;
P < .001 at 10°C). 
DISCUSSION
The number of workers in the United States at risk
for RS from the use of vibrating tools is estimated to
be 1.5 million.25,26 Similarly, in the United Kingdom,
approximately 500,000 workers are exposed to vibra-
tion, and 20,000 have moderate to severe vibration-
induced RS.1 Pelmear recently reported on seven
autoglass workers in whom RS developed after long-
term use of the PAK.27 These workers used the PAK
daily for 1 to 2 hours for as many as 10 years. The
latent interval for onset of symptoms ranged from 4 to
7 years. Information as to whether these patients
underwent DHCT was not given. The total number
of autoglass workers who have used the PAK, begin-
ning in 1988, and the duration of exposure since its
introduction is unknown.
Patients in this report had onset of RS after a
mean PAK use of 3 years. At first visit, these patients
had a mean PAK use of 5.3 years and a mean total
hourly use of 2450 hours. Studies of the develop-
ment of RS caused from other vibrating pneumatic
tools are varied. An early report by Seyring of work-
ers who used compressed air drills to clean castings
found that 4% of the workers had RS by 2 years, 48%
by 3 years, and 55% by 10 years.28 Symptoms of RS
developed in less than a year in a small number of
women who used pneumatic drills in airplane manu-
facturing in the 1940s.29 RS developed in a larger
group of 286 workers who used pneumatic tools in
various trades during the same period after the latent
period of 2 to 5 years.30 A more recent study of
pneumatic platers from Sweden found the prevalence
of RS to be 42%, with a mean latent interval to symp-
tom onset of 9.8 years.31 Little information is avail-
able about the total hourly use of pneumatic tools in
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association with the onset of RS. In 1983, Miyashita
et al reported this relationship in forestry workers
who used chain saws. Workers with fewer than 2000
hours exposure generally had tingling and numbness,
whereas those workers with more than 2000 hours
exposure had more severe vibration-induced RS.32
An interesting observation in this series of patients
is that the results of physical examination, digital PPG
waveforms, and screening serologies were all within
normal limits at the time of the initial evaluation. The
only objective test results that confirmed the diagnosis
of RS in all workers who used the PAK were those of
DHCT. In contrast, only one control subject had
mildly positive results by means of DHCT, suggesting
that chronic PAK use may predispose workers to vibra-
tion-induced RS. Similar results have been reported
with DHCT in patients with vibration exposure.19,20
In examining workers with vibration exposure to the
hand, DHCT can provide crucial data for diagnosis
and temperature threshold of vasospasm. This infor-
mation is becoming more important in cases of occu-
pational injury and worker compensation. 
The short-term follow-up of workers who use the
PAK is discouraging, with patient symptoms at the
follow-up examination unchanged in 69% of patients
and worse in 31% of patients. These results may be
biased, because all workers were involved in labor and
industry disputes on the use of the PAK. It is present-
ly unknown if vibration-induced RS is reversible.
Futatsuka et al demonstrated that the amount of
improvement depended on the age of the patient and
the severity of the RS at the time vibration exposure
ceased.33 Behrens and Pelmear summarized the liter-
ature on reversibility and concluded that stage 1 and
early stage 2 RS (Stockholm Workshop Scale, Table
II) were reversible, whereas recovery from stage 2 and
3 was unlikely.34 Workers in this report who used the
PAK had more severe stages of vibration-induced RS
(Table III), which may account for their lack of
improvement after PAK use ended. 
This poor prognosis may be caused in part by the
development of digital artery obstruction in these
patients. Digits in workers exposed to vibration have
been shown to have sympathetic hyperactivity, struc-
tural damage to endothelium, smooth muscle hyper-
trophy, and destruction of myelin sheaths with fewer
nerve fibers.33-39 Rarely, digital ulceration has been
reported in patients with severe vibration exposure.3
Although PPG results in all patients in this study
were normal, false negatives can occur when one
digital artery is occluded or the digital arteries are
occluded distal to the cuff. 
Autoglass employers and makers of the PAK
should ensure proper education and medical assess-
ment before vibration exposure. Preventive measures
that may be of benefit while operating the PAK
include wearing gloves, loosely gripping the tool
within the limits of safety, providing a cushioned non-
slip surface on the handles, and avoiding prolonged
periods of exposure through job rotation and rest
periods. Workers should be examined at regular inter-
vals, and any patient who has signs suggestive of RS
should be referred to a medical specialist with a spe-
cific interest in the condition. The tools should be
regularly maintained and serviced and conform to the
recommended safety limits. Currently in the United
States, three occupational guidelines exist that make
recommendations regarding the amount of vibration
allowed and the duration of vibration exposure. These
include the American Conference of Government
Industrial Hygienist: Threshold Limit Values,40
American National Standards Institute: S3.34,41 and
the National Institute for Occupational Safety and
Health Criteria Document.42 These guidelines are
reasonable and are formatted to prevent most work-
ers from progressing past stage 1 of the Stockholm
Workshop Scale. The PAK used by the workers in this
study exceeded American Conference of Government
Industrial Hygienist: Threshold Limit Values guide-
lines in the y-axis at 90 psi and 75 psi with the curved
blade and at 75 psi with the straight blade.27 The
Occupational Safety and Health Administration has
not regulated the amount of tool vibration allowed or
permissible PAK exposure time, but rather regulates
the preventative measures previously stated.
The severe symptoms and advanced stages
incurred from the PAK supports the need for close
attention to workers who use vibrating tools in the
work place. It is unclear if all patients are at equal
risk or if there is a subgroup of patients sensitive to
vibration in whom RS develops with considerably
less exposure than other workers. We continue to
recommend digital PPG as a means of determining
the presence of palmar and digital artery obstruc-
tion, and screening serologic testing for connective
tissue disorders in all patients who have RS, includ-
ing those with a history of chronic vibration expo-
sure. Physicians examining workers who use the
PAK should consider DHCT as a means of objective
confirmation of diagnosis.
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Dr Kaj Johansen (Seattle, Wash). This is the latest
contribution arising from the longstanding experience of
the Oregon Health Sciences University group with various
forms of digital vasospasm. Dr McLafferty and coworkers
present a series of male autoglass workers in whom inca-
pacitating Raynaud symptoms—color changes, paresthe-
sia, pain—developed after occupational exposure to a
vibrating pneumatic air knife used to remove windshields
from automobiles. Most of those afflicted were smokers,
but not all. The ominous nature of the condition is exem-
plified by none of the patients improving after they
stopped using the air knife; in fact, a third worsened.
A primary thrust of the current study was validation of
an objective means of defining the underlying vasospastic
condition. McLafferty and colleagues demonstrate that,
although the results of physical examination, arm blood
pressures, digital photoplethysmography, and serology
were normal in all affected individuals, the results of digi-
tal hypothermic challenge testing (DHCT), as initially
described by Nietson and Lassen, was strongly positive in
each subject, with 44% showing a significant decrease in
digital blood pressure at cooling to 15°C and 100% with
cooling to 10°C. Complete digital arterial obstruction
developed in almost half the patients with a positive
DHCT at each temperature level.
I have three questions for Dr McLafferty that may help
further illuminate this syndrome and the test he proposes be
used as a means of diagnosing it. First, the condition being
discussed, now termed hand-arm vibration syndrome by
Kester’s group in Leeds (Chetter I, Kent P, Kester RC. The
hand-arm vibration syndrome: A review. Cardiovasc Surg
1998;6:1-9) has been reported among numerous occupa-
tional groups, including scalers, chippers, riveters, and, most
notably, loggers who use chain saws. Is there anything dif-
ferent about the patient population you reported on from
these other more commonly recognized groups?
Second, the underlying pathophysiology of vibration-
induced digital vasospasm has been ascribed variably to a
hyperreactive local response to cold or emotion, to hyper-
trophied muscular artery intima and media, or even to a
centrally mediated sympathomimetic reflex arc (on occa-
sion, cold stimulation of one limb can be demonstrated to
result in vasospasm in the contralateral normothermic
limb). What do you think is going on here?
Finally, studies in Japan and Scandinavia have clearly
demonstrated that certain vibration frequencies are toxic,
whereas others appear to be well tolerated. In fact, occu-
pational disability caused by vibration-induced digital
vasospasm diminished substantially in Sweden after legis-
lation restricting chain saw vibratory frequencies to
demonstrably “safe” ranges. Should similar legislative
action be promoted to help prevent the clinical scenario
you report?
Dr Robert B. McLafferty. Thank you, Dr Johansen, for
your kind comments and insightful questions. Regarding
your first question about whether the patient population
that used the pneumatic air knife was any different from
previous workers exposed to vibration: I do not think this
group of workers differs in the pathophysiology that has
occurred in the fingers, compared with other types of
chronic vibration exposure from different occupations.
Your second question refers to the pathophysiology of
vibration-induced digital vasospasm. In previous publications
from Oregon, Raynaud’s syndrome has been divided into
two types, vasospastic and obstructive. Vibration-induced
Raynaud’s syndrome may be one type of Raynaud’s syn-
drome that has both components. All the patients in this
study had severe vasospasm, with no evidence of obstruction.
Previous studies have shown that there seems to be a dose
response to the amount of damage to the neurovascular bun-
dle in the finger. Sympathetic hyperactivity, endothelial dam-
age, and smooth muscle hypertrophy and migration into the
intima have all been observed. Obstructive Raynaud’s syn-
drome and subsequent finger ulceration has been reported to
develop in patients who are exposed to very long periods of
vibration. Finally, vibration exposure to the digits affects all
parts, including the nerves, bones, and soft tissue.
The answer to your third question about whether leg-
islative action should be promoted to help prevent vibra-
tion-induced Raynaud’s syndrome is yes. In the United
States, three groups that have no regulatory power but
make recommendations and guidelines regarding vibration
exposure exist. These include the American Conference of
Government Industrial Hygienists, the American National
Standards Institute, and the National Institute for
Occupation, Safety, and Health. The National Institute for
Occupation, Safety, and Health is closely related to the
Occupational Safety and Health Administration. The
National Institute for Occupation, Safety, and Health
makes recommendations to the Occupational Safety and
Health Administration, but there are no limits to the
amount of exposure to vibration. The current role of the
Occupational Safety and Health Administration in chronic
vibration exposure includes recommendations to wear pro-
tective clothing, strict maintenance of equipment, worker
training programs, and medical monitoring. There defi-
nitely needs to be stricter regulations to limit the amount
of vibration exposure in the workplace.
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